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Ever more extensive use of marine space by human activities and greater demands
for marine natural resources has led to increases in both duration and spatial extent
of pressures on the marine environment. In parallel, the global crisis of decreasing
biodiversity and loss of habitats has revitalized scientific research on human impacts and
lead to methodological development of cumulative pressure and impact assessments
(CPIA). In Europe alone, almost 20 CPIAs have been published in the past 10 years
and some more in other sea regions of the world. In this review, we have analyzed
40 recent marine CPIAs and focused on their methodological approaches. We were
especially interested in uncovering methodological similarities, identifying best practices
and analysing whether the CPIAs have addressed the recent criticism. The review results
showed surprisingly similar methodological approaches in half of the studies, raising
hopes for finding coherence in international assessment efforts. Although the CPIA
methods showed relatively few innovative approaches for addressing the major caveats
of previous CPIAs, the most recent studies indicate that improved approaches may be
soon found.
Keywords: human activities, pressures, multiple stressors, cumulative effects, impacts, ecosystem-based
management
INTRODUCTION
Globally, the marine environment is at risk from multiple human activities such as overfishing,
chemical contamination by hazardous substances, inputs of nutrients, physical modification,
etc., in addition to climate change, leading to impaired environmental conditions (Lotze et al.,
2006). Increasing human pressures leads to decreasing biodiversity and loss of habitats. A greater
awareness of these problems has revitalized the scientific research on human impacts and led
to an increasing number of laws, strategies and commitments to reduce human impacts on the
ecosystem. The challenge for the scientific community lies in showing evidence of the causalities
between human activities, the pressure they cause and the associated impacts on species and
habitats, including humans and the human society. In the marine environment, the global
assessment of human impacts by Halpern et al. (2008) fostered a wave of impact assessments in
the world’s seas (e.g., Selkoe et al., 2009; Ban et al., 2010; Korpinen et al., 2012). Although many of
these assessments followed the same methodology as in the global assessment, new approaches
were also found (e.g., Andersen and Stock, 2013; Knights et al., 2013), old approaches were
re-assessed (e.g., van der Wal and Tamis, 2014) and spatial accuracy of the assessments increased
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(e.g., Ban et al., 2010). In this review, we have assessed 40 recent
marine assessments of cumulative pressures and impacts and
focused on the methodological approaches. We were especially
interested in discovering methodological similarities, identifying
good practices and proposing areas in need of more robust
scientific input.
So-called cumulative pressure and impact assessments (CPIA)
aim to cover additive, synergistic and antagonistic effects of
multiple pressures on selected features of the ecosystem. In their
fullest form, they attempt to cover all existing anthropogenic
pressures and estimate their impacts on a wide spectrum of
ecosystem components (e.g., Korpinen et al., 2012).More focused
CPIAs assess specific species (Certain et al., 2015; Marcotte et al.,
2015), communities (Giakoumi et al., 2015) or are limited to
specific human activities (Benn et al., 2010) or pressures (Coll
et al., 2016). The selection of ecosystem components in CPIAs
is an important step, at least in case of selecting characterizing
species to represent ecosystems, food webs or habitats, and hence,
this review will also analyse the assessment methods in this
respect.
The complexity of CPIAs has led to simplistic assumptions in
the methods. Halpern and Fujita (2013) listed many of those and
discussed the consequences of the assumptions for the overall
assessment conclusions. For instance, many methods assume
additivity of impacts, while meta-analytical studies indicate
strong roles by synergistic and antagonistic effects (Crain et al.,
2008). Similarly, the CPIAs analyzed typically assume that the
impacts increase linearly with increasing pressures, while non-
linear responses seem to be more common in nature (Hunsicker
et al., 2016). Despite these assumptions the CPIAs have provided
robust outcomes which seem to correlate with the state-of-
the-environment assessments (Andersen et al., 2015) and have
potential to inform management decisions.
CPIAs are primarily meant to inform decision-makers and
guide management decisions. Therefore, the impacts should
be traceable all the way to the human activities at sea, on
the coast or in in the upstream catchments. Established links
between human activities, pressures and ecosystem components
are essential for effective and reliable CPIAs. These links are
formed on the basis of causality (i.e., which human activities
cause which pressures and which ecosystem components do they
affect?), spatial overlap, or exposure (i.e., where are the activities,
pressures, and ecosystem components located? Is uncertainty
considered? How do the pressures decay from their source?) and
sensitivity (i.e., how sensitive is a given ecosystem component
to a specific pressure?). So far, only a few attempts to link
these in a generalized and systematic way have been published
(Knights et al., 2013, 2015) but some linkage frameworks have
been in use by regional sea conventions for years (e.g., the
North-East Atlantic, the Baltic Sea). Solid basis and transparent
communication of these links is crucial for taking the message
from the scientific community to the decision-making level.
The progress in spatial data tools and online map services will
certainly help in that task. Nonetheless, this review critically
evaluated the activity-pressure-impact links of the CPIAs.
The cornerstone of CPIAs is the estimation of the potential
impact of a specific pressure on a specific ecosystem component.
This has been estimated numerically on the basis of spatial
damage or loss of individuals (e.g., Giakoumi et al., 2015; Coll
et al., 2016) or categorically on the basis of literature reviews and
expert panels (e.g., Halpern et al., 2007; Eno et al., 2013). The
potential concerns with such a variety of approaches are, firstly,
if the different estimate variables are comparable, and secondly,
whether the validation (referred to by some authors as “ground-
truthing”) of the CPIAs to realistic “effect scales” is reliable. To
our knowledge this is the first scientific review of the CPIAs and
as such its general aim is to lay down an overview of the existing
methods and practices.
MATERIALS AND METHODS
Scope of the Review
This review has the general aim to provide an overview of
the methods and practices that are used to produce CPIAs
in marine environments. It will not evaluate input data or
assessment practices outside the methods, even though these
may, nonetheless, have important functions in communication,
transparency, and confidence of the assessments.
This review has five specific objectives: (1) To compare and
find similarities in the structures of the CPIA methods; (2)
to evaluate the selection of ecosystem components included
in CPIAs; (3) to evaluate the links between human activities,
pressures and associated impacts in the CPIAs; (4) to compare
the methods in estimating potential impacts; and (5) to find good
practices in validating the CPIAs. Each of these objectives is met
by defining a number of research questions to be answered for
each of the reviewed studies. The research questions are given in
Table 1.
Selection of Studies
We reviewed CPIA studies which have been published after 2000
and included integration of at least two different pressures. We
accepted studies which assess cumulative pressures or cumulative
impacts but did not include concept papers unless they piloted
a case study or gave an operational method formulation. We
performed this search globally by the Google Scholar engine with
key words “cumulative effect [/impact] on marine environment
[/ecosystem],” “marine cumulative impact assessment,” and
“Halpern impact assessment of marine pressures.” The search
was limited to the period 2000–2016 and the results were asked in
the order of relevance. The search gave thousands of matches, but
we analyzed only 750 first hits and applied the above-mentioned
exclusion/inclusion criteria. We also included studies which were
cited in the found CPIAs and matched with our search criteria.
In total, 35 peer-reviewed CPIA studies were found. However,
we also noticed that many CPIA studies have been published
as project reports or in institutions’ report series due to the
nature of this assessment field and those assessments included
interesting methodological development. Therefore, we included
five additional studies. Hence, our review included altogether 40
studies. Global distribution of the studies is given in Figure 1
and full references to the studies are given in the Supplementary
Material (Appendix A).
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TABLE 1 | Specific research questions in the review.
1. Compare and find similarities in the structures of the CPIA methods
1.1 Does the method assess impacts or pressures?
1.2 What integration method the CPIAs have (separate, additive, synergistic,
antagonistic)?
1.3 What is the form of pressure—impact relation (categorical, linear, non-linear)?
2. Evaluate the selection of ecosystem components into CPIAs
2.1 Does the CPIA include impacts on species?
2.2 Does the CPIA include impacts on benthic habitats?
2.3 Does the CPIA include impacts on pelagic habitats?
3. Evaluate the links between human activities, pressures and associated impacts
in the CPIAs
3.1 Does the CPIA assess human activities?
3.2 Does the CPIA provide activity—pressure links?
3.3 Does the CPIA aggregate pressures from >1 human activities?
3.4 Is the CPIA built on an entire linkage framework of activities, pressures and
ecosystem components?
3.5 Does the CPIA benchmark pressure levels for impact estimates?
3.6 Does the CPIA provide a maximum value for pressures?
4. Compare the methods in estimating potential impacts
4.1 Are impact estimated based on expert judgment?
4.2 Are impact estimated based on literature reviews?
4.3 Are impact estimated categorical or continuously numerical?
4.4 Are impact estimates derived from a model?
5. Find good practices in validating the CPIA
5.1 Have the impact results been validated, i.e., anchored into specific state of
the environment?
5.2 What is the validation method?
The questions are categorized under the five objectives of the review.
Evaluation Criteria
Each of the studies were analyzed to find answers to the five
specific objectives and research questions (Table 1). The five
objectives were evaluated generally following the descriptions of
the reviewed study methods but also a more specific analysis
of the methods was made in order to see tabular summary
information of the recent CPIAs and compare them against
major assumptions of the CPIAs as listed by Halpern and Fujita
(2013). In case of the cumulative pressure studies, we evaluated
only the general structure (objective 1) and links between
activities and pressures (objective 3), as the other objectives
require an impact assessment. Full results of the analyses are
annexed as Supplementary Material (Appendix A).
Defining the Terms
The scientific literature provides a wide range of terms for CPIAs.
An extensive discussion on this is given by Judd et al. (2015), who
also provide definitions for the whole pathway from sources (e.g.,
human activities) to pressures, effects, receptors (e.g., ecosystem
components), and impacts. In this study, we use the term “human
activity” instead of “source” and define “pressure” (following
Judd et al., 2015) as “an event or agent (biological, chemical,
or physical) exerted by the source to elicit an effect.” Although
an effect and an impact can be defined as different steps on the
pathway, we have chosen to use the term “impact” in this review.
This is a pragmatic solution as our reviewed literature uses both
these terms in justifiable way (sensu Judd et al., 2015).
RESULTS
Similarities in the Structures of the CPIA
Methods
Of the 40 studies reviewed, 33 had assessments of cumulative
impacts and seven assessed cumulative pressures. Most of the
assessments (n = 35, 88%) assumed cumulative pressures or
impacts as additive and five assessments included synergistic or
antagonistic effects (Figure 2). The synergistic and antagonistic
effects were mainly assessed in those CPIAs which used
ecosystem models, but in one study synergistic effects were
inserted into an additive model by defining pressures enhancing
the effects of other pressures (Certain et al., 2015). Most of
the methods (93%) also assumed linear relationships between
activities, pressures and impacts (Figure 2). In one assessment
the relationship was not clear and in two assessments the
relationship was categorical. With the exception of four studies
(Aubry and Elliott, 2006; Foden et al., 2011; Giakoumi et al., 2015;
Knights et al., 2015), all the others made the assessments with
varying spatial resolution (often by 0.2–2.5 km grid cells).
The CPIAs showed relatively similar structures. More
specifically, 50% of the studies claimed that they follow the same
method as in Halpern et al. (2008) or had a similar method
(without directly referring to the Halpern study) (see Appendix A
in Supplementary Material). These assessments consisted mainly
of three components: (1) intensity of pressures (>1 layers),
(2) occurrence of ecosystem components (>1 layers, only if
impacts were assessed), and (3) some types of weighting factors
to express impacts or to weight pressures. In those studies, where
impacts were assessed, a weighting factor was produced for each
specific pressure–ecosystem component combination, whereas in
the pressure assessments the weighting factors were produced
to balance threats between the pressures. The impact weighting
factors were sometimes called “vulnerabilities” or “sensitivities”
of the ecosystem components to pressures.
In addition, there were a few other methods which relied on
similar additive-type models and will likely produce comparable
assessment results (e.g., Zacharias and Gregr, 2005; Stelzenmuller
et al., 2010; van der Wal and Tamis, 2014). Thus, there seems to
be a mainstream approach in the CPIAs which is used worldwide
(Figure 1), but where small adaptations have been applied in
treating of input data and ecosystem sensitivity and in integrating
these into the score of cumulative pressures or impacts.
Selection of Species and Habitat Data into
the CPIAs
Cumulative impacts were assessed for benthic habitats in 76%
of the impact assessments, but also species (41%) and pelagic
habitats (38%) were included in the studies (Figure 3). Species,
benthic habitats and pelagic habitats together were included in
only 12% of the studies. Only two studies assessed an entire
community, including all the major components to the model
(sea grass ecosystem: Giakoumi et al., 2015; 3 exploited fish
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FIGURE 1 | Map with studies included in this review. Global studies and sea areas with several studies are shown in separate text boxes. Key: 1, Eastern North
Sea (Andersen and Stock, 2013); 2, U.K. (Aubry and Elliott, 2006); 3, Canada’s Pacific (Ban et al., 2010); 4, Portugal (Batista et al., 2014); 5, NE Atlantic (Benn et al.,
2010); 6, North Sea (Certain et al., 2015); 7, New Zealand (Clark et al., 2016); 8, Canada’s Pacific (Clarke Murray et al., 2015); 9, Mediterranean Sea (Claudet and
Fraschetti, 2010); 10, Mediterranean Sea (Coll et al., 2012); 11, Mediterranean Sea (Coll et al., 2016); 12, Netherlands (de Vries et al., 2011); 13, UK (Eastwood et al.,
2007); 14, UK (Foden et al., 2011); 15, Mediterranean (Giakoumi et al., 2015); 16, North Sea (Goodsir et al., 2015); 17, SE Australia (Griffith et al., 2012); 18, Global
(Halpern et al., 2008); 19, California Current (Halpern et al., 2009); 20, Global (Halpern et al., 2015); 21, Washington US (Hayes and Landis, 2004); 22, French
Mediterranean (Holon et al., 2015); 23, Massachusetts (Kappel et al., 2012); 24, Scotland (Kelly et al., 2014); 25, European seas (Knights et al., 2015); 26, Baltic Sea
(Korpinen et al., 2012); 27, Baltic Sea (Korpinen et al., 2013); 28, Netherland (Lindeboom, 2005); 29, Hong Kong (Marcotte et al., 2015); 30, California Current
(Maxwell et al., 2013); 31, Puget Sound, Canada’s Pacific (McManus et al., 2014); 32, Mediterranean Sea and Black Sea (Micheli et al., 2013); 33, Spain (Moreno
et al., 2012); 34, Liguarian Sea (Parravicini et al., 2011); 35, Mediterranean Sea (Rodríguez-Rodríguez et al., 2015); 36, Hawaii (Selkoe et al., 2009); 37, North Sea
(Stelzenmuller et al., 2010); 38, Noth Sea (van der Wal and Tamis, 2014); 39, Jiaozhou Bay, North Yellow Sea (Wu et al., 2016); 40, (Zacharias and Gregr, 2005). Map
from Natural Earth (free vector and raster map data @ naturalearthdata.com).
FIGURE 2 | Summary information of the 40 cumulative pressure and impact assessments (CPIA) included in the review. The CPIA type is divided into
pressure and impact assessments. The integration was additive, synergistic or synergistic, and antagonistic. The scale of the pressure-impact relationship is divided
into categorical, linear and linear and non-linear (with some uncertainty of this indicated by ?-mark).
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FIGURE 3 | Venn diagram for the inclusion of ecosystem components
(species/species groups, benthic habitats, and pelagic habitats) in the
reviewed CPIAs. Note that the number of studies in the figure is >40,
because a CPIA can assess all the categories. Source of the Venn diagram:
EulerAPE (http://www.eulerdiagrams.org/eulerAPE/).
species: Coll et al., 2016). Obviously all of the CPIAs had a
limited number of ecosystem components in the assessments,
but 21% of them had focused only on a species group (e.g.,
Zacharias and Gregr, 2005; Coll et al., 2012) or a single species
only (Marcotte et al., 2015). However, many of the studies
claimed to be demonstration studies and, hence, the selection
of ecosystem components was made on practical grounds. Only
in one study, a specific justification was given on the grounds
of cultural, biological and legal arguments (Hayes and Landis,
2004). Nevertheless, there seemed to be a common lack of precise
justification in the reviewed CPIAs, why some species or habitats
were selected and others not.
Have the CPIAs Defined Linkages between
Activities, Pressures and Impacts?
Ten studies (25%) had defined all the linkages between human
activities, pressures and impacts and made a framework to
support the CPIA. All of the 10 CPIAs were assessments and
not demonstration studies (see Appendix A in Supplementary
Material). Additionally, nine more studies had covered all the
human activities or all the pressures in the area but not linked
them in a systematic way. However, in many cases, it was not
possible to estimate whether the systematic framework was made
outside the study and used in a more limited way. The review
showed that the actual CPIA have taken seriously the linkages
between activities, pressures and ecosystem components, often
consulting local experts or making extensive literature surveys
(e.g., Selkoe et al., 2009; McManus et al., 2014).
In summary of the review results, human activities were
included in 31 studies (78%), 26 studies (65%) linked pressures to
the human activities and 30 studies (75%) had defined the human
pressures into general pressure categories, for instance according
to the EU Marine Strategy Framework Directive (MSFD).
Only one study had considered the maximum potential value
of pressures (Clark et al., 2016). This is a necessary step in the
CPIA procedure if pressures are quantified. Hence, almost all
of the reviewed studies assumed that the maximum pressure
value in the assessment area is the maximal intensity of that
pressure. Moreover, while the majority of studies had normalized
the pressure intensities (e.g., 0–1), none of the studies had
benchmarked the pressures in order to estimate the impacts in
a comparable way (i.e., defined the level of pressure where the
impacts occur; see Halpern and Fujita, 2013). One of the studies
asked experts to estimate impacts on a “typical level of pressures”
(Andersen and Stock, 2013). The lack of definite benchmarks
is especially problematic in case of non-linear relation of
pressures and impacts. If the relation is non-linear, for instance
logarithmic, a relatively low level of pressure can cause high
impacts and the magnitude of impact does not increase much
at higher pressure levels. However, most of the reviewed CPIAs
assumed a linear increase of impacts as a pressure increases.
This simplifies the impact formula, where each pressure can be
given a single sensitivity score (for each ecosystem component
combination).
Estimation of Impacts
We analyzed whether the CPIA studies estimated impacts
from anthropogenic pressures by expert judgment or based on
scientific literature. Of the 35 studies giving some kind of a weight
factor (for impacts or pressures), 23 CPIAs (66%) relied on expert
judgment, and 14 (40%) on literature (Figure 4). In two studies,
the experts were informed by a review of scientific literature (See
Appendix A in Supplementary Material).
Impact estimates were most often (69%) categorical
expressions of the sensitivity of the ecosystem components
to the pressures or severity of the pressures on ecosystem
components (Figure 4). Continuous impact scales were used in
31% of the studies and in these CPIAs the impacts were often
estimated either from a few known parameters, such as mortality
(e.g., de Vries et al., 2011), biomass change (Coll et al., 2016),
or loss of habitat area (e.g., van der Wal and Tamis, 2014). In
these studies, the scope of the CPIA was more limited, focusing
on a few ecosystem components (a single species or a species
group), of which the impact parameter (e.g., mortality) could
be estimated. The more diverse ecosystem components there
were in the CPIA studies, e.g., both species and habitats, the
more the studies relied on categorical or semi-quantitative
impact/sensitivity categories.
Five of the 33 studies (15%), which assessed cumulative
impacts, used meta-analyses or an ecosystem model to estimate
impacts. The ecosystem models included, for instance, fishing
effects on commercially exploited fish species (Coll et al., 2016)
and main threats to the seagrass food web (Giakoumi et al.,
2015). In one study, pressures were linked to biological quality
indicators and the relationship was modeled (Parravicini et al.,
2011). Thismodel was used to predict impacts when the pressures
were changed.
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FIGURE 4 | Differences in estimating and expressing impacts of anthropogenic pressures. The impact estimates are based on expert judgment or literature
(including models where the interactions are literature-based). The impacts are expressed on categorical scales and on continuous scales. Note that the numbers also
include those studies where “impacts” are not specific to ecosystem components but used to weight pressures. Two of the studies used both literature and expert
judgment as the basis.
Validation of the Impacts
Only 8 of the 40 studies (20%) had validated the results,
i.e., compared the cumulative impact (or pressure) scores
with observed environmental status and then re-categorized
the impact gradient into a realistic scale (Appendix A in
Supplementary Material). However, three of the eight validated
CPIAs used a scale obtained from another study and made
no reanalysis in their own study. Thus, in reality, only
five studies had really validated their impact scores with
environmental status assessments. In addition, two more studies
indicated how the validation should be made but did not
apply it (Zacharias and Gregr, 2005; Claudet and Fraschetti,
2010).
The best description of validation was given by Clark
et al. (2016) who compared the cumulative impact scores (on
benthic habitats) with benthic fauna data. They found significant
relationships between the benthic community composition based
on Bray-Curtis similarities and the cumulative impacts by using
non-parametric regression (DISTLM). This was also used to test
the relation of individual standardized pressures to macro fauna
data, without including the habitat sensitivity information to
the pressure data. Clark et al. (2016) argue that validation may
result in relatively weak relationships if the range of stressor
levels is small, which is often the case in local studies. A
large-scale validation was applied by Andersen et al. (2015)
on a Baltic Sea-wide scale, where cumulative impact scores
for sub-basins were compared with integrated state of marine
biodiversity. In that scale, the relationship was significant,
but due to the small number of sub-basins (N = 9), it was
not possible to make conclusions about thresholds or tipping
points.
DISCUSSION
Identification of marine areas that are sensitive and vulnerable
to human activities is not a novelty; environmental sensitivity
indices were launched already in the 1970s (Gundlach and
Hayes, 1978). Cumulative assessments of multiple pressures and
their impacts were carried out already in 1990s (e.g., Wiegers
et al., 1998). Methodological development did not, however,
receive wide attention until the 2000s when series of CPIAs
were produced after the global impact assessment (Halpern
et al., 2008). As shown in this review of 36 CPIAs in 2000s,
more than half of them were based on the method by Halpern
et al. (2008). However, similar research threads had already
been started elsewhere (e.g., Lindeboom, 2005; de Vries et al.,
2011; van der Wal and Tamis, 2014; Certain et al., 2015) and
in comparison to these earlier methods, it is interesting to
note that the method presented in Halpern et al. (2008) has
allowed wider assessments in terms of human activities, pressures
and ecosystem components than the other methods which
tend to produce more focused (and sometimes more detailed)
assessments in terms of activities, pressures and ecosystem
components. Also various ecosystem models have this same
limitation.
The review showed that the CPIAs have, in general, three
essential components: spatial data on intensity of pressures,
spatial data on occurrence of ecosystem components, and factors
estimating impacts. In all of the three components, many of
the reviewed CPIAs used simplified assumptions (see Halpern
and Fujita, 2013) and had small differences in the approaches.
Nonetheless, the majority of the studies, at least the ones based
on additive integration and estimates of habitat sensitivity, can be
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expected to produce relatively comparable results and one can see
potential improvements to the general method in the most recent
studies. Although the 40 reviewed CPIAs were published between
2004 and 2016, 30% of them were from the 2 most recent years
and these contained novel approaches more often than the earlier
CPIAs. Such approaches were, for instance, the use of fuzzy
logic for impact occurrence (Marcotte et al., 2015), building on a
fixed linkage framework (Goodsir et al., 2015), separating habitat
recovery to a specific assessment (Knights et al., 2015), using
food web models (Coll et al., 2016) or other statistical methods
(Wu et al., 2016) and describing good practices in validation and
pressure quantification (Clark et al., 2016).
Treatment of Spatial Input Data
In the pressure data sets, the main assumptions relate to the
spatial extent of pressures from their sources, quantification of
the pressures (often on the basis of underlying human activities)
and the normalization of the pressures. Spatial extent of pressures
has often been treated as a linear decaying model from the
source, whereas e.g., Andersen and Stock (2013) produced
five alternative models which were used for different types of
pressures. The quantification of pressures on the basis of human
activities is an assumption which is difficult to replace by real
pressure data. No monitoring programme can be expected to
measure, e.g., resuspension from bottom-trawling and, hence,
fishing activity data is used to estimate the pressure. The
pressures are then normalized to a dimensionless scale in order
to make them comparable with other pressures, measured in
other units. The most frequently used approach was to scale the
pressure values linearly such that the highest value is equal to 1.0.
Obviously, the main problem with this method is the assumption
that the data set contains the maximum value of that pressure.
In reality, the pressures in the assessment period may be much
lower than the long-term maximum if management measures
have been implemented. Among the studies in this review, Clark
et al. (2016) was the only CPIA setting a theoretical maximum
value for each of the pressure data sets. In addition, Halpern et al.
(2015) normalized the pressures according to the highest value
of two data sets to allow temporal comparison of two assessment
periods.
Occurrence of ecosystem components—species and
habitats—in the assessment units determines whether an
impact can take place in that area. The occurrence of the habitats
was in all the cases reported as presence/absence, whereas for
species occurrence probabilities were also applied (Andersen
and Stock, 2013). Even though no CPIA used a probability
scale for habitat presence, this could be applied if the habitat
presence is uncertain due to the low confidence in the input
data. Only a few of the reviewed CPIAs (9%) targeted the
entire marine ecosystem, i.e., species, benthic, and pelagic
habitats. The majority of the studies (55%) focused solely on
benthic and pelagic habitats and 21% included species only.
Because of the additive approach in most of the CPIAs, a major
difference is also the choice to use only benthic habitat layers
over the entire assessment area with only one habitat type in
a grid cell (e.g., Korpinen et al., 2013) or, alternatively, to use
several overlapping layers of ecosystem components and several
ecosystem components per grid cell (e.g., Halpern et al., 2008). In
the former, the resulting cumulative impacts are relatively simple
to interpret, because all the impact scores indicate the amount
of pressures, whereas in the latter case one needs to consider
also the diversity of ecosystem components in an area when
interpreting the cumulative impacts. Both of the approaches are
conceptually correct, but they tell slightly different stories from
the anthropogenic pressures.
How Vulnerability Is Assessed?
There are basically two types of differences in integrating impacts
frommultiple pressures: using similar endpoints (same variables)
from all the pressures or integrating categorized impacts of
different types of variables. In this review, these two basic
categories were found and further divided to more detailed
sub-types: (1a) categorical expressions of potential impacts on
ecosystem components, where the impacts have been usually
defined by 3–5 criteria (e.g., functional impact, resistance,
recoverability and frequency; e.g., Halpern et al., 2007); (1b)
categorical expressions of habitat sensitivity, which has been
defined by resistance and resilience (e.g., Stelzenmuller et al.,
2010, see also Eno et al., 2013); (2a) numeric estimate of impact
by a measurable variable (e.g., proportion of disturbed sea
floor; van der Wal and Tamis, 2014, or change in biomass in
Coll et al., 2016); and (2b) effect sizes of impacts in a meta-
analysis (e.g., Claudet and Fraschetti, 2010). The two former
methods are comparable, both considering categorical estimates
of sensitivity of the ecosystem component, while the two latter
ones use data-based approaches. These latter approaches share
the limitation that common parameters are difficult to find for
multiple pressures. So far, the quantitative, data-based CPIAs
have not been applied to more than a few pressures or ecosystem
components, which has limited their usefulness for getting a
wider view of human impacts on marine environment.
There has been considerable progress in recent years in
developing sensitivity estimates for species and benthic habitats.
Zacharias and Gregr (2005) defined the terms sensitivity and
vulnerability in an explicit and quantifiable manner with the
aim to produce a tool that can predict and quantify vulnerable
marine areas (VMA). Using the same or similar definitions,
Tyler-Walters and Jackson (1999), Tillin et al. (2010), Eno et al.
(2013), and La Rivière et al. (2016) have defined parameters for
sensitivity estimates and procedures how these can be assigned
to broader habitat types, which are usually the only available
mapped marine habitats. Also the meta-analytical approach has
been used by Claudet and Fraschetti (2010) to produce data-
driven impact estimates for the Mediterranean Sea. Despite the
progress, these were used very little, if at all, in the reviewed
CPIAs.
Needs for Further Progress in CPIA
Methodology
The review showed that none of the CPIAs had benchmarked
the pressures (i.e., a quantitative definition of a certain level
of pressure, for which the impact or sensitivity is estimated).
This is especially problematic for CPIAs which assessed very
different types of activities causing same types of pressures. For
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example, siltation of seabed is caused by laying cables on sea floor,
bottom-trawling, dredging and disposal of dredged material (to
name a few activities), but the amount of sedimentation varies
between the activities, i.e., a low pressure for each activity, if
measured by different parameters, may mean different amounts
of sediment and, hence, different impacts. This difference
in activities was normally addressed in the reviewed CPIAs
by giving different sensitivity scores for the pressures from
different activities. This is an adequate “fix” if the impacts from
pressures increase linearly. However, in non-linear cases, this
assumption is no longer valid. This challenge was addressed
by Tillin et al. (2010) who proposed to divide pressures
to 2–3 sub-pressures based on their magnitude and define
benchmarks for these pressures in order to give sharper and
more comparable estimates of habitat sensitivity. For example,
sea-floor abrasion was sub-divided to “penetration of the seabed
surface,” “shallow abrasion/penetration of the seabed surface”
and “surface abrasion,” and benchmarks to these were defined
as “>25mm penetration,” “≤25mm penetration,” and “surface
damage.” The approach by Tillin et al. (2010) was taken up
by La Rivière et al. (2016) and gives an easily approachable
method for CPIAs where habitat sensitivity is defined by expert
judgment.
The element of time was not very visible in the reviewed
CPIAs. As data sources of human activities and pressures are
often imprecise with regard to time of occurrence and duration,
the CPIAs assume that pressures are long-lasting and overlap
in time. This may well be the case with long-lasting impacts,
i.e., with long recovery times, but many of the pressures and
impacts are relatively short-lived (e.g., noise, siltation in exposed
shores). Such an assumption can be considered as a conservative
approach, but some realism could be introduced by specifying
impacts seasonally (de Vries et al., 2011) or assessing the potential
recovery separately (Knights et al., 2015). A more difficult aspect
is the potential accumulation of effects in time (Eastwood et al.,
2007). Although difficult to quantify, this was addressed by at
least Korpinen et al. (2012) by summing certain pressures over
the assessment period when preparing the input data.
An issue in regard to assessing vulnerability which has
not been addressed by any of the reviewed studies is the
question of historical impacts which have already modified
the marine environment. This is especially problematic for the
spatial ecosystem data, which only reflects the current situation.
In addition, the question of how to assess extinct species or
significantly reduced habitat coverage was not addressed by any
of the reviewed studies. This specific weakness is something that
needs to be solved.
Criticism against the Major Assumptions in
CPIAs
Five years after the global map of human impacts (Halpern et al.,
2008), a paper was published criticizing the major assumptions
in CPIAs (Halpern and Fujita, 2013). The authors listed nine
major assumptions in the CPIAs, which are: (1) Stressor layers
are of roughly equal importance, (2) Uniform distribution of
stressors within a pixel, (3) Habitats either exist or are absent in
a pixel, (4) Transforming and normalizing stressors, (5) Linear
response of ecosystems to stressors, (6) Consistent ecosystem
response, (7) Vulnerability weights sufficiently accurate, (8)
Additive model, and (9) Linear response of ecosystems to
cumulative impacts. For more detailed description and examples
of these assumptions, readers are invited to read the full paper,
but here we can briefly analyse how well the studies of this
review, especially those published after 2013, have addressed
these assumptions.
In this review, we saw that fairly few studies had included
the full array of pressures in the assessment. Those that did
this had commonly built a linkage framework between activities
and pressures and aimed to aggregate pressures from several
activities (addressing assumption #1). This is a tedious task if
done properly, as described by Tillin et al. (2010). Assumptions
#2 and #3 deal with the spatial resolution of input data
and these aspects were not included in this review. However,
assumptions #4 and #5 relate directly to the core of this
review and may cause under- or overestimation of cumulative
impacts, as they are related to the estimation of impacts at
different pressure magnitudes. According to our review results,
none of the studies addressed non-linear responses between
pressures and impacts (as far as we were able to interpret the
methods). Assumption #6 is about consistent impacts in different
areas and within the definitions of the ecosystem components.
Although being a critical assumption, none of the reviewed
studies really addressed this in their methodology. However,
some of the CPIAs were geographically limited and local experts
were involved in making the impact estimates (e.g., Selkoe et al.,
2009; McManus et al., 2014), which may mitigate the potential
error. This does not, however, answer the other side of the
assumption that impacts should be consistent within broad
habitat definitions (which is definitely a bold assumption). In case
of the broad-scale benthic or pelagic habitats, Tillin et al. (2010)
and La Rivière et al. (2016) suggest the use of “characterizing
species” as targets of the sensitivity estimation, but this has
not, to our knowledge, been applied in any published CPIA.
Assumption #7 raises the concern that expert-based impact
estimates are not coherent or accurate. According to our review,
40% of the studies based these estimates on literature while
66% used expert elicitation. None of the studies claimed any
comparison between the two approaches but two studies used
both the approaches. Assumptions #8 and #9 have already been
discussed in this study, but briefly, 88% of the studies assumed
additivity and after 2013 only 3 of the 15 studies included
synergistic and/or antagonistic effects. Nevertheless, this can
be seen as an improvement in CPIA development, as before
2013 only one of the reviewed studies addressed these effects.
The inclusion of non-linear responses to the pressure—impact
relationship had not, according to our results, progressed at
all.
The current CPIA practices are obviously limited by
the scientific knowledge we have today, but there are
theoretically unlimited possibilities of impacts on diverse
marine environment. To tackle the challenge the methods should
focus on keystone species and habitats and build on uncertainty
assessment principles and a structured approach to filter and
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prioritize pressures, impacts and ecosystem components (see
Wiegers et al., 1998; Judd et al., 2015). In this review we saw still
diverse approaches and non-structured methods but also some
positive signs.
CONCLUSIONS AND OUTLOOK
Our review showed that despite rapid method development
and several recent publications of CPIA around the world,
the assessments still rely on major assumptions which may
potentially bias the results (Halpern and Fujita, 2013). Only the
most recent studies had started developing methods to address
the caveats.
We also showed that the assessment published by Halpern
et al. (2008) is gradually developing into a global standard,
especially taking some of the recent assessments into
consideration. Recalling the concerns raised by Halpern
and Fujita (2013), this standard would, however, need new
openings such as the inclusion of non-linearity to the models
or the use of other types of broad modeling frameworks, e.g.,
Bayesian Belief Networks, in CPIAs (Uthicke et al., 2016). The
direction in the most recent studies indicates that this may
indeed be the case in the near future.
In the light of this review, there are currently, in our
understanding, no other methods capable to assess the whole
range of human impacts than the ones similar to Halpern et al.
(2008). Hence, we call not only for a further development of
the methodology but also a sharing of tools or codes, such
as the open access EcoImpactMapper (Stock, 2016), as this
will encourage and support both a short term process focusing
on the tools and a long-term process supporting CPIA-based
marine ecosystem health assessment as well as evidence-based
management.
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